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ABSTRACT

This report, the eleventh of a series, outlines the
progress made on the investigation of the viscoseal and
the buffered seal during the period October 15, 1967 -

April 15, 1968. The study is being conducted for The
National Aeronautics and Space Administration under Research
Grant NsG-587.

The experimental performance of four grooved-shaft
seals is presented. These results, in addition to those
for twenty three geometries previously reported, indicate
that the theory advanced provides a good design estimate
for grooved-shaft viscoseals in both laminar and turbulent
regions. The performance of large diameter viscoseals
having the same geometric parameters 1s relatively insen-
sitive to the length of the land-groove pair when operated
in the turbulent region.

The radial load carrying capacity of a viscoseal was
found to be 12 to 15 percent of the capacity of a full
journal bearing of the same overall dimensions.

Studies of interface stability has lead to a hypothesis

for the mechanism of gas ingestion in viscoseals.

ii



INTRODUCTION

An investigation embracing the theory and performance
of the viscoseal under laminar and turbulent conditiens was
initiated on April 15, 1964 at The University of Tennessee
in the Department of‘Mechanical and Aerospace Engineering.
The investigation is being conducted for The National
Aeronautics and Space Administration under Research Grant
NsG-587, and this report presents the progress of the
investigation for the period October 15, 1967 through April
15, 1968.

A critical review of all available literature led to
the identification of a number of problem areas requiring
study in support of the United States' space effort (1).
Other reports in this series describe the program object-
ives (2), the design and construction of the experimental
facility (3), the concentric laminar analysis of the visco-
seal (4), the concentric turbulent analysis of the viscoseal
(5), and results of experiments with the first twenty three
viscoseal geometries (6,7,8,9). This report presents the
experimental radial load capacity of a viscoseal, observa-
tions made on the gas ingestion study, and describes the

buffered bushing seal program.

INumbers in parenthesis refer to similarly numbered references
listed at the end of this report.



IT. OBJECTIVES
The research program presented in references (2) and
(3) was modified, as described in reference (6), because of
the phenomenon of gas ingestion which was encountered during
early experimentalyobservations. In addition the scope of
the research program was expanded to embrace the buffered

bushing seal.

IIT. ACTIVITIES

Experimental work continued on the performance of the
viscoseal and tésts, described in a subsequent section of
this report, were completed for four viscoseal geometries.

Tests on the first twenty two viscoseal geometries
were made on the test facility described in reference (3).
A modified test rig was prepared and utilized in testing
viscoseal 6E. The results of the initial test on seal
6E showed considerable deviation between theory and experi-
ment as noted in reference (9). The test rig was disassem-
bled, checked, and reassembled. The repeat tests on seal
6E showed considerable improvement in agreement between
theory and experiment.

The study of interface stability and gas ingestion
continued. The test facility described in reference (9)
was used to make still and high-speed moving picture
studies of gas ingestion in plain and grooved annuli using
a variety of test fluids. From these studies a new hypoth-

esis for the mechanism of gas ingestion was evolved. In
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addition to the gas ingestion studies the interface stability
facility was used in making performance tests of three large
diameter viscoseals.

The first series of experiments on the radial bearing
load capacity of a viscoseal was completed. These tests
indicate that the radial bearing capacity of a typical
viscoseal geometry is about 12 to 15 percent of the capacity
of a plain bearing having the same overall dimensions. Two
new studies of the radial load capacity were initiated.

Analytical study of the turbulent buffered bushing
seal continued. The design of the buffered seal test facilitf%
was completed and shop fabrication was started.

Mr. T. A. Arehart, Jr. completed his project assignment
in January 1968 and is engaged in writing his thesis. The
effort to obtain additional graduate research assistants
continued throughout this period. While this is becoming
an increasingly difficult problem, we have been able to make
an appointment to Mr. Larry Luttrull who will undertake a

project research assignment in June 1968.

EXPERIMENTAL RESULTS

The test rig described in reference (3) was used in the
tests for the first twenty two viscoseal geometries. The
modified test rig shown in reference (9) was used to test
seal 6E. Due to rather large experimental errors noted in

the initial tests of seal 6E, a complete check was made of
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the test rig, instrument calibrations, and the data
reduction program. The repeated test on seal 6E is shown
in Figure 1 in comparison with the initial test and with
the tests for seals 6 and 6D which had similar geometric
parameters. The error was apparently caused by the thermo-
couple circuit of the new test rig. Test work is under way
on grooved housing seals 3H and 6H.

Performance tests were also made on three large
diameter viscoseals. These seals, which were also used
in connection with air ingestion studies in the interface
stability test facility, have dimensions and geometric

parameters shown in Table 1. The seals were

Table 1
DIMENSIONS AND GEOMETRIC PARAMETERS OF TEST SEALS

Seal

No. n D c h a' b!' ol B Y
11 3 3.990 0.006 0.045 0.524 0.524 14.5 8.5 0.5
12 6 3.990 0.006 0.045 0.262 0.262 14.5 8.5 0.5
13 12 3.990 0.006 © 0.045 0.131 0.131 14.5 8.5 0.5
D =.seal diameter, in.; c¢ = radial clearance, in.; h = groove
depth, in.; o€ = helixangle, deg.; A& = (h+c)/c; ¥ =Db'/(a'+b');

a' = land width, in.; b' = groove width, in.
a' and b' dimensions are measured normal to groove.

installed in the interface stability test rig and arranged as
shown in Figure 2. The Ap was measured by a mercury manometer

connected to taps number 2 and 4 for which the center-to-center
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distance was measured to be 2.01". The temperature in the
fluid film was measured by a copper-constantan thermocouple
insertea through tap location 3. The test fluid was dis-
tilled water and the annulus was filled to within 0.25" to
0.75" of the top of the test journal. The unused pressure
taps were plugged to prevent ingress of air and the mano-
meter lines could be easily bled of entrapped air. While
test speeds could be reached at which air ingestion was
evident for each test seal, the data were taken under
conditions where the 1ower’ha1f of the annulus was free of
air. When air ingestion was moderate to severe the seal
could be run only for a finite length of time before enough
air became trapped to blow the fluid out of the annulus.
In these situations the seal cavity was drained, refilled,
and started at a predetermined speed and the data recorded
in a period of 60 to 90 seconds.

The large diameter seal tests are being made primarily
to observe the effect of the characteristic length L* on
the onset of turbulence in a viscoseal.  In the theoretical
analysis presented in reference (5), which neglects inertia
effects, the initiation of turbulence was taken to be at a

critical Reynolds number defined as:

1/2
- D/2
Re . ;q = 41.1 [ﬁ_ T xﬁc] : (1)
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A later analysis (10) shows that the relative magnitude of
the convective inertia forces and viscous forces may be
indicated by employing a modified Reynolds number, Re*, defined
as:
Re?* = Rec(c/L*); if (c/L%) < 1. (2)

Uc P

/J.

L* = characteristic length

where: ReC =

This analysis concludes that the inertia effects can be
neglected only when Re* < 0.01 and that these effects

become significant in improving the sealing coefficient

when Re* == 1. In the case of the viscoseal L* is taken as
the length of the land-groove pair in the direction of motion.

Thus,

Re* = Re_ (-7%-). (3)

where: n = number of thread starts

As shown in Table 1 seals 11,12, and 13 have the same
D, ¢, h, «, g, and ¥ but have differing L* values.
Figure 3 presents the experimental results obtained for
these seals in comparison with the theoretical performance,
The solid 1line in Figure 3 represents the predicted per-
formance based on the analysis in reference (5) which gives

the same curve for the three seals. The dashed lines repre-

sent the predicted performance considering the ideas suggested
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in reference (10). The dashed lines were drawn by assuming
that the transition would begin at Re®* = 1 and that the
general shape of the curves in the turbulent region would
be similér. On this basis the ReC values at which transition
would start are 700, 350, and 175 respectively for 3,6, and
12 thread starts. From Figure 3 it will be noted that these
preliminary experimental data show only fair agreement with
theory and are not extensive enough to show the transition
points. These data do, however, indicate that in the Re .

range of 1000 to 6000 the performance, in the absence of

entrained gas, is essentially the same for all three seals.

It must be emphasized that these tests were made with
negligible amounts of entrained gas as noted from a visual
examination. These three seals would EQE function equally
well in long term operation in the test facility. Seal No.
11 could be operated continuously at ReC values of 3000-
3500 without appreciable gas ingestion and tests at the
highest speeds with ReC of 5700 could be operated for
extended periods before the gas accumulation became large
enough to cause difficulty.

In the case of seal No. 12 gas ingestion became sig-
nificant at a ReC of approximately 2000 but ample time
was available (5 to 10 minutes) to make observations at
ReC values in excess of 6000. It appeared that seal No. 12

could be Operéted'fbr extended periods at ReC values of



1500-2000.

Seal No. 13 was much more susceptible to gas ingestion
which became noticable at Re . values of 500-600 and severe
at Re_. values of 1500-1800. At higher speeds it was
necessary to make the test runs of short duration. At
3950 rpm (ReC =~ 4600), for example, the air accumulation
in a two minute period would be sufficient to force the
liquid out of the annulus.

Additional experimental work scheduled for the large
diameter seals includes:

1. Performance with glycerol-water mixtures\to
extend the range to lower ReC values.

2. Tests with a back-flow of test fluid to sweep out
ingested air.

3. Comparison of high and low frequency response
instrumentation for determining pressure gradients in the
seal.

Interface stability and gas ingestion studies described
in reference (9) have continued. Experimental observation
techniques employed were visual examination, single exposure
photographs with 1.2 micro-second exposure times, and high-
speed motion pictures with exposure rates from 1000 to 5000
pictures per second.

An annulus of 0.0105 inches thickness, using a plain
aluminum cylinder having a diameter of 3.981 inches and a

runout of 0.0003 inches was operated when approximately
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two thirds filled with water. Air bubbles were observed at
900 rpmv(ReC = 1250) and the bubbles were observed to be
aligned in circumferential rows when the shaft speed was
above 2900 rpm, corresponding to ReC = 4000 and Taylor
~number = 294. These rows were attributed to the presence
of Taylor vortices as noted in Reference (9).

While working with this annulus, an interesting event
was observed when, inadvertently, bands of liquid and bands
of air were formed in the annulus as water was being intro-
duced into the space under the cylinder while the shaft
was turning at about 500 rpm and tilted at an angle to the
vertical. These circumferential bands were generally about
0.05 inches in width and it was determined from a photograph
that about fifty such bands of liquid were present. With
the shaft turning at 950 rpm the pressure was changed to
displace the bands and it was found that an estimated
pressure change of two psi was required to cause these bands
to move in either direction. After the shaft was stopped
the bands appeared to maintain their shape for at least
three minutes, after which time a photograph was taken.

This photograph was so similar to those made while the shaft
was turning that there appears to be no way to distinguish
‘between them. Next, the pressure under the cylinder was
changed to displace the bands axially and it was found that
a pressure change of nearly two psi was required to initiate

the displécement.
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No effort was made to duplicate these events, and no
significant effort has been made to determine the mechanics
of the observed phenomena. The shaft speed of 950 rpm-
corresponds to ReC = 1325 (transitional region) and a
Taylor number of 96 compared to a critical number of 41.2
for beginning of Taylor vortices. No speculation is offered
as to whether or not there is any connection between these
numbers and the observed physical phenomena. Neither is
it known if the same physical factors were responsible for
the events observed in the dynamic case and the static case.
For the static case, one can calculate the force per inch
of interface line of contact on the solid surfaces and find
that it is about the same as the value for a drop of water
clinging to a vertical plane. However, it would seem pre-
sumptious to extend this explanation to the case of the
rotating shaft without further study.

With a plain aluminum cylinder, having a diameter of
3.990 inches, installed inside the acrylic cylinder with
an inside diameter of 4.002 inches, high speed movies were
made of the air-water interface. When the shaft speed was
1280 rpm (ReC = 1015, Taylor number = 55.7) a breakup of
the interface was observed to occur over approximately
one third of the circumference. The interface level at
any given circumferential location on the acrylic cylinder
fluctuated approximately 3/16" because of runout. The break

in the interface was observed to begin when the cylinder
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had rotated 60 to 75 degrees after the maximum interface
level had been attained. At 900 rpm the same region of
the interface was observed to have a wavy or saw-tooth
shaped profile with local height variations of about 0.02
to 0.03 inches. At this lower speed no air was seen trapped
below the interface.

The region in which the waves, or interface break,
occur is one in which the interface velocity is in the
direction of the liquid, which for this case was the more
viscous fluid. Somewhat analogous to this physical situ-
ation is the case of the motion of an interface separating
two fluids between two closely spaced parallel planes which
have no relative motion. A stability analysis of such an
interface is presented by Saffman and Taylor (11) where it
is shown that in the absence of gravity and surface tension
the interface is unstable when the velocity is toward the
more  viscous fluid and stable when the velocity is in the
opposite direction. When the gravitational force is taken
into account (for vertical orientation of the planes) it
is shown that there is a critical interface velocity which
separates stable from unstable conditions. Further, it is
shown that the effect of surface tension is to limit the
range of unstable disturbances to those having a wavelength
greater than a critical value, which is proportional to the

square root of the surface tension.
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Closely related to this is an analysis presented by
Taylor (12) and experimentally verified by Lewis (13)
showing that when two superposed fluids of different
densities and negligible viscosities are accelerated in
a direction perpendicular to their interface, this surface
is stable ‘or unstable for small deviations according as the
acceleration is directed from the more dense to the less
dense fluid or vice versa.

The instabilities referred to above lead to finite
disturbances in the form of fingers of one fluid penetrating
into the other, as sketched in Figure 4. Similar fingers
have frequently been seen in the surface tension study
facility, when the shaft was not rotating, as the interface
level was being lowered.

In the case of an annulus with relative motion between
the cylindrical surfaces, any eccentricity or runout causes
the interface level to undergo periodic fluctations. It
seems highly probable that in this case an unstable per-
turbation would also occur for some range of conditions.
With finite growth of the perturbations until fingers of
gas protrude into the liquid, it then seems likely that
some of the fingers would neck down and isolate a quantity
of air (a bubble) from the interface, as shown in Figure 5.
While this seems feasible, it must be regarded as an hypoth-
esis, although some of our observations support the logic

of this reasoning. Such fingers have been seen to develop
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when the shaft was rotating at about 100 rpm or less, the
fingers developing in a region where the interface level
was descending and then the fingers withdrawing in a region
where the interface level was rising. However, no air
bubbles were seen to become trapped at a significant
distance below the interface at the time of our observations.
At higher shaft rotational speeds, particularly when
fluids of very low viscosity are used, the acceleration
effects may dominate in leading to interface instability.
This mechanism would probably become more important as the
distance between the solid surfaces is increased. 1If so,
this could mean that an interface between two surfaces having
relative motion and a varying distance separating the sur-
faces, as in a viscoseal or a spiral grooved face seal, could
have both types of instability occurring simultaneously.
Three viscoseal shafts shown in reference (9), Figure 4
were tested during this period and high speed movies were
made to facilitate studies of the interface and the motion
of air bubbles. The viscoseal shafts were made of aluminum
with dimensions as shown in Table 1. An acrylic housing was
used.
Movie film of the three thread-start shaft operating at
380 rpm (ReC = 300) showed some interesting features involving
bubble motion. There were not many bubbles present at this
speed and the rate of air ingestion was quite small. The

movie showed that a group of bubbles immediately following
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the interface in the groove was rotating counterclockwise
and another group of bubbles, immediately adjacent to and
following the first group, was rotating in a clockwise
direction as sketched in Figure 6. There were no other
bubbles present immediately behind this second group and
therefore no method of visualization available to determine
how many such vortices were present. Further from the
interface and also in the grooves were bubbles moving along
the leading edge of the groove toward the interface. Bubbles
along the trailing edge of the groove were seen moving away
from the interface in a film taken when the shaft speed was
350 rpm.

Another film, made when the shaft speed was 3360 rpm,
shows a very turbulent interface with what appears to be
ripples or waves in an air-water surface which were generally
parallel to the bottom of the grooves. The gas ingestion
rate was fairly high at this speed, but the flow in the
vicinity of the interface was so complicated that no sig-
nificant concept of the mechanism producing gas ingestion
was gained from viewing the film.

Some exploratory experiments were conducted using a
plain aluminum cylinder 3.990 inches in diameter installed
inside the acrylic cylinder having an inside diameter of
4.002 inches. Alcohol-water solutions and glycerine-water
solutions were used. The alcohol-water solutions with from

about one to three per cent alcohol resulted in the most
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severe gas ingestion observed with the alcohol-water
solutions. The air-liquid mixture took on a foamy
appearance for this range of compositions. With glycerine
used in the annulus the interface appeared to remain stable
and no gas ingestion was seen up to the maximum operating
speed of 3600 rpm. With 50% glycerine, air ingestion was
observed at about 2100 rpm. With a continued decrease in
the proportion of glycerine used there was a décrease in
the shaft speed at which gas ingestion was first seen.

The iﬁitial series of tests was completed on the
viscoseal bearing described in refefence (9). The

pertinent dimensions of the bearing are as follows:

Diameter = 2.484" Land width = 0.1667"
Radial clearance = 0.0025" Groove width = 0.1667"
Overall length = 3.125" Groove depth = 0.015"
Shaff’diameter = 2.479" ol = 4,88°
Center supply groove width = 0.375" B =17.0

¥= 0.5

The bearing, which was constructed with a central supply
groove, had pumping lands of opposite hand pumping toward
the supply groove. The bearing was made of brass and the
shaft was made of Type 316 stainless steel.

The bearing film thickness was monitored with four
Bently inductance probes. SAE 10 oil, which was used as
the test fluid, was directed to the central supply groove
through a flow control valve. The bearing was operated

with a small leakage flow from each end. Thus, the supply
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pressure was slightly larger than the head developed by the
seal. The oil temperature was measured at the supply inlet
and in the drain from each end of the bearing. The o0il
exit temperature was taken as the film temperature in the
bearing and viscosities based on this temperature were
used in the calculation of the bearing performance.

Figure 7 shows the eccentricity ratio, € , plotted
against the attitude angle, 95 . These data were obtained
for randomly selected loads, speeds, and oil supply pressures.
It was noted that the bearing operated at high eccentricity
ratios even when operated at low loads and high speeds.
Further, it was observed that the eccentricity ratio was
sensitive to the o1l supply pressure.

Figure 8 shows a set of test points taken to study the
scatter observed in the data in Figure 7. The data for
Figure 8 were obtained at a constant load of 163.5 1b and
a constant speed of 1275 rpm with various supply pressures.
The numbers associated with the data points in Figure 8
refer to the supply pressure in psi. It will be noted that
increasing supply pressure causes the eccentricity ratio
and attitude angle to increase.

Figure 9 shows the experimental eccentricity ratio as
a function of the capacity number Cn. The capacity number

is defined as:

Cn = Sn (%)2 - AT (3)2 (%)2. (4)
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In this study '"1'" was taken equal to the land width in the
bearing, there being 9 such lands in the viscoseal bearing.

The theoretical curve is a plot of the equation,

(1 e2)2 1/2

- 1

Cn = , 5
! Te [nzcl—ezwléez] )

known as the short bearing approximation (14).

From Figure 9 it will be noted that the short bearing
approkimation provides a reasonable estimate of the radial
capacity for the particular viscoseal employed in this test.
However, it is not clear that this approximation 1is satis-
factory for all geometric parameters.

A study has been initiated to extend the work of
Archibald and Hamrock (15,16) to the geometry of the
viscoseal bearing. A numerical program is being developed
for the IBM 360 to determine the load capacity and stability
of the viscoseal geometry. This analysis considers the
variation in film thickness over the lands and grooves due
to eccentricity as well as the change due to the groove
itself. The research participant on this project task has
an independent source of support and does not receive a
stipend from the NASA Grant NsG-587. The test facility and
shop work will be provided from the grant.

The investigation of the buffered bushing seal
continued through this period with effort on literature

studies, analysis, and test equipment design.
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Several papers have been published on the resistance of a
flow through co-axial cylinders with a rotating inner
cylinder. Suzuki (17) experimented with flow through short
cylinders using large clearances and high Reynolds numbers.
Cornish (18) measured the resistance of a flow through
co-axial cylinders having fine clearances. Tomita (19)
measured the resistance of a flow when the outer cylinder
rotates. Recent work by Yamada (20) studies the resistance
of a water flow through co-axial cylinders when the inner
cylinder rotates. Yamada used large clearances and high
Reynolds numbers.

However, none of the previously mentioned papers
considered the effect of eccentricity on the axial flow
rate and pressure drop using small clearances (i.e.

100 € r/c € 1000) and high Reynolds numbers. It is difficult
to determine whether or not Yamada's results are valid for
small clearances and high Reynolds numbers.

The purpose of this research task is to investigate the
effect of the following parameters on the pressure drop for
a flow through an annulus formed by two co-axial cylinders
with the inner cylinder rotating and the outer cylinder
stationary:

a) axial Reynolds number.

b) rotating Reynolds number.

c) clearance to radius ratio.

d) eccentricity ratio.
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e) surface roughness.

It is also planned to determine the entrance length fér
this type of flow as a function of the above parémeters/
since most practical buffered séalé will tend tb have low
L/D rétios. ‘The apparatus will be operated primarily in
the turbulent region of axial and rotating Reynolds
numbers .

The experimental equipment for the testing of turbﬁlent
buffered bushing seals has been designed and is being con-
structed. It is anticipéted that this apparatus will be
in operation during the summer of 1968.

The test facility has been-designed in such a manner that
itrmay be modified to;perform experimental work on viscoseals

as well as research on gas-liquid buffer fluid mixtures.

PROPOSED SCHEDULE
During thé period April 15, 1968 - October 15, 1968
the following_efforts are scheduled:

1. Complete the experimental study of seals 3H and 6H.
2. Conduct additional tests of seals 11,12, and 13 using
mixtures of glycerol and water in order to expand

range of Re .

3. Determine the effect of back-flow on seal performance
and air ingestion of seals 11,12, and 13.

4. Compare the pressure gradients obtained with fluid
manometers with those obtained by using high frequency

response instrumentation.
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Complete the numerical computation of the load capébity
and stability of the viscoseal bearing.
Complete the analysis and experimentation on the
interface stability study and bégin the report pre-
paration.
Complete construction and assemble the buffered séél_

test rig.
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Pressure taps
evenly spaced
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_ Figﬁre 2. .Test‘ Arrangement for Seals 11,12, and’13
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Air

Liquid
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Liquid
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Figure 4. Progressive stages of growth of "fingers'" of
one fluid into another.

Figure 5. Sketch of possible development of interface
configuration to cause entrapment of air
bubbles in an annulus.
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Figure 6. Sketch of air bubble motion in operation of
viscoseal at 380 rpm.
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